Objectives: To compare the risk of major complications after either minimally invasive plate osteosynthesis (MIPO) or intramedullary nailing (IMN) of humeral shaft fractures.
INTRODUCTION
Accounting for approximately 3% of all orthopaedic injuries, humeral fractures represent a significant proportion of skeletal trauma. 1 Moderate angulation and shortening is tolerated clinically; without the need for perfect reduction or rigid immobilization, the majority of humeral shaft fractures are managed nonoperatively with acceptable healing reported in greater than 90% of patients. 2 Surgical treatment is indicated in specific cases including open fractures, polytrauma, in association with concomitant ipsilateral forearm fractures, and in those patients who fail to maintain satisfactory alignment with functional bracing. 3 Humeral minimally invasive plate osteosynthesis (MIPO) is a promising surgical technique that uses a minimally invasive anterior approach, allowing plate fixation without disturbing the fracture site. It is proposed as an alternative to either IMN or ORIF, providing fracture stabilization while potentially minimizing the risk of the major complications sometimes associated with surgical management of humeral shaft fractures, including nonunion, iatrogenic radial nerve palsy, and infection. Insufficient evidence exists within the current literature to determine whether the theoretical advantages of MIPO result in demonstrable clinical benefits.
Originally developed for the management of distal femur fractures, MIPO limits soft-tissue damage while still providing adequate stability to achieve secondary bone healing. By reducing vascular disruption, especially to periosteal vessels, this technique preserves the blood supply essential for fracture healing. Livani, et al 4 first reported on its use for the management of humeral shaft fractures, suggesting the percutaneous anterior approach had advantages, recognizing the intimate relationship between the radial nerve and the medial, posterior, and lateral surfaces of the humerus. These authors demonstrated the clinical potential of a technique that markedly reduced the risk of iatrogenic radial nerve palsy, still a major potential complication after ORIF. 5 Intramedullary nailing has been performed for over 20 years, and possesses distinct theoretical advantages over ORIF. The surgical approach for intramedullary nailing is minimally invasive and may promote a more rapid rate of healing with a reduced risk of iatrogenic radial nerve injury. However, any potential advantage regarding radial nerve injury has not been convincingly demonstrated in clinical studies. 5 Alignment with the mechanical axis of the humeral shaft exposes the implant to reduced bending forces and allows the nail to function as a load-sharing device, enhancing the healing potential. 6 One of the major benefits of IMN when compared to ORIF is again the minimally invasive nature of the incision required for nail insertion, limiting the soft-tissue stripping inherent with ORIF. While there are inconsistencies in the literature regarding the outcomes of humeral fractures managed with IMN, other complications have been identified including shoulder dysfunction and an increased risk of reoperation. 7 There has only been one prior study directly comparing humeral MIPO to IMN, but this study used shoulder function as the primary outcome measure. 8 The purpose of this study was to investigate the risk of 3 specific major complications (infection, iatrogenic radial nerve palsy, and nonunion) in a cohort of patients treated with either humeral MIPO or IMN. Our hypothesis was that there would be a significant between-group difference when these 2 methods are used for stabilization of similar fractures in a case-match controlled comparison.
METHODS
This study was conducted as a retrospective, case-match controlled study of patient outcomes after operative treatment of fractures of the humeral shaft, using either IMN or MIPO. Prior clearance to conduct this study was granted by our institutions Human Research ethics committee. We identified all patients presenting to our major metropolitan tertiary referral hospital with humeral shaft fractures requiring surgical intervention using either IMN or humeral MIPO between 2004 and 2012. These patients had either failed initial nonoperative treatment or were polytrauma patients; the operative stabilization method used was determined by surgeon preference. Patients requiring fixation for pathological fractures, or when inadequate follow-up data were available, were excluded from the study; there was a minimum follow-up of 1 year for inclusion.
Intramedullary nailing was performed using standard techniques, 5,7-10 with a 3-to 4-cm proximal incision adjacent to the anterolateral acromion. The deltoid was split and exposure was achieved as necessary to limit injury to the rotator cuff insertion. Another small anterior incision was used distally to limit the potential risk of nerve injuries associated with the insertion of locking screws.
Percutaneous anterior humeral plating was performed using established techniques as previously described, designed to specifically limit the risk of nerve injury. [11] [12] [13] The proximal 4-5 cm anterior incision exposes the humeral shaft immediately lateral to the biceps tendon at the level of the insertion of the pectoralis major, through the deltopectoral interval (Fig. 1A) . The distal anterior 4-5 cm incision is made 1 fingerbreadth proximal to the antecubital crease, and the lateral antebrachial cutaneous nerve of the forearm is gently retracted to allow development of the interval beneath the biceps (Fig. 1B) . Splitting the brachialis exposes the humeral shaft, and the forearm is maintained in supination throughout the procedure to limit the risk of injury to the radial nerve. A submuscular tunnel is created anteriorly to allow the plate to be passed safely, with indirect reduction and screw fixation as required (Fig. 1C) . [11] [12] [13] The medical records and radiographs of all eligible patients were reviewed, documenting demographic data and complications. Similar to Shisha, 14 radiographic union was defined as evidence of bridging callus for at least 3 of the 4 cortices on plain radiographs, or obliteration of the fracture lines. The neurologic status and the presence or absence of infection of the affected limb was ascertained on clinical grounds during follow-up outpatient visits.
Patients in both the MIPO and IMN study groups were then further stratified by fracture pattern, age, comorbidities, gender, and mechanism of injury. A case-match controlled series was then constructed by assigning specific IMN cases to the most closely matched MIPO cases based primarily on fracture pattern, the presence of significant comorbidities, gender, age, and mechanism of injury. The primary outcome measure for each study patient was determined by combining 3 major complications: infection, iatrogenic radial nerve palsy, and nonunion. As secondary outcome measures, each of these complications was considered independently. Statistical analysis was performed as a 2 · 2 comparison using Fisher exact test with a 2-tailed P value, with values less than 0.05 considered significant. A post hoc power analysis was performed using G*Power 3.1.9.2 (Düsseldorf, Germany) to determine the power of this comparative study. Based on a calculated effect size of 0.98, a calculated phi of 0.29, and an a of 0.01, the power of this study was 0.98.
RESULTS
Humeral MIPO was introduced at our institution in 2010, and 16 patients were identified who had been treated by this technique between 2010 and 2012; one of these patients was an international traveler and lost to follow-up, leaving 15 patients in this group. The 15 patients in the MIPO study cohort all had a minimum follow-up greater than 1 year. Between 2004 and 2012, 56 humeral fractures were managed using IMN; however, 26 of these were due to pathological fracture, whereas another 5 had insufficient follow-up to warrant inclusion in this study. This left a total of 25 cases in the IMN study cohort, all with greater than 1 year follow-up; from these 25 cases, 15 were directly matched against corresponding cases from the MIPO study group after stratifying according to the criteria noted above (Table 1) .
Fracture Pattern
All 30 patients in the study had OTA 12A/B/C type fractures. 15 Seven patients in each group sustained fractures of the proximal third of the humeral shaft, whereas 7 and 8 patients sustained middle third fractures for MIPO and IMN, respectively; 1 patient had a distal third fracture treated by MIPO (Table 1) . Similarly, 6 patients in each group sustained transverse fractures (OTA 12A type) ( Fig. 2A and B) . The remaining IMN cases involved 5 spiral (OTA 12B) and 4 comminuted fractures (OTA 12C), whereas the remaining MIPO cases involved 4 spiral fractures (OTA 12B) and 5 comminuted fractures (OTA 12C).
Comorbid Conditions
Both groups included 8 patients (53%) with similar comorbid conditions that had the potential to delay fracture healing and increase the rate of complications. The remaining 7 patients (47%) in each group were otherwise healthy at the time of injury.
Gender
Of the 15 patients in each group, 5 IMN patients were females and 10 were males; in the MIPO group, 6 were females and 9 were males.
Age
The mean age in the MIPO group was 48.0 years , and for the IMN group, it was 46.7 years (20-85). However, 40% of the patients in the MIPO group were over 60 years of age, whereas only 13% of the IMN patients were in the elderly category. 
Overall Complication Rate
As demonstrated in Table 2 , 8 patients (53%) treated by IMN experienced at least one of the 3 major complications (nonunion, infection, and iatrogenic radial nerve palsy); only 1 (7%) major complication was observed in the MIPO group, a nonunion. Fisher exact test revealed a statistically significant (P = 0.01) between-group difference.
Fracture Union and Revision Surgery
All but one of the 15 patients treated by MIPO achieved union by 6 months (average 14 weeks), with one nonunion. Four patients (27%) in the IMN group failed to achieve union within this timeframe. This accounted for all cases of revision surgery in our study, with each nonunion subsequently managed by initial hardware removal and conversion to ORIF and bone graft. The reoperation rate was 7% for MIPO compared to 27% for IMN. Using Fisher exact test, this comparison was not considered a statistically significant difference with a 2-tailed P value of 0.33.
Infection
No infections (0%) were observed in any patient treated using MIPO. One patient (7%) with an IMN developed a deep wound infection, but this resolved after appropriate antibiotic treatment. Using Fisher exact test, this comparison was not considered a statistically significant difference with a 2-tailed P value of 1.00.
Radial Nerve Palsy
Nerve palsy did not occur iatrogenically as a result of MIPO in any of the 15 patients. One of these patients was a polytrauma victim who was intubated when his humeral fracture was stabilized, and a complete neurological examination was not possible preoperatively. However, indications Humeral MIPO 15 0 (0) 1 (7) 0 (0) 0 (0) 1 (7) 1 (7) were that he had sustained an injury to the radial nerve at the time of his motorbike accident, and this resolved spontaneously over a period of weeks postoperatively. Three instances of iatrogenic radial nerve palsy were identified postoperatively in the IMN group (20%). Using Fisher exact test, this comparison was not considered a statistically significant difference with a 2-tailed P value of 0.22.
IMN Cohort Comparison
The IMN matched controls used in comparison to the MIPO group were statistically highly similar to those in the overall IMN cohort. Table 2 contains the specific details that confirm the IMN case-match controlled patients did not differ significantly from the overall IMN group by any measure; complications were identified in 53% of the IMN matched controls, whereas complications were identified in 52% of the overall IMN cohort.
DISCUSSION
The most significant finding of this study was that patients with humeral shaft fractures treated by MIPO demonstrated a significantly lower combined rate of these major complications. In our study, MIPO proved the more effective technique with a lower pooled rate of infection, nonunion, and radial nerve injury. Only 1 patient (7%) in the MIPO study cohort developed a major complication postoperatively, whereas patients treated using IMN had a 53% cumulative risk of developing one of these major complications. The overall rate of major complications after IMN in this patient cohort confirms the potential problems associated with this method when compared to a technique that so comprehensively minimizes the risk of adverse outcomes.
The use of IMN has a risk of reoperation ranging from 8.8% to 42% in previous studies, 9, 10 and this correlates well with the 27% rate of revision surgery observed in our IMN study cohort. A meta-analysis by Bhandari et al 16 also showed that the use of ORIF compared with IMN demonstrated a slightly lower relative risk of reoperation. This is also true when compared to MIPO, and revision surgery was required in our humeral MIPO study group for only one nonunion.
The low rate of treatment failure using MIPO in this study confirms the efficacy and safety of this procedure. In this small group of patients, MIPO demonstrated a 93% rate of successful union, and revision ORIF and bone graft was only required in one case to achieve union. The cumulative rate of union for humeral MIPO, pooling the data from all previous published studies, is greater than 95%. 11, 13, 17, 18 Nonunion was observed in 20% of those managed with IMN in this study, consistent with previously published rates of up to 30%. 9, 10 Fracture healing may be enhanced by reduction of the fracture fragments and intramedullary reaming in all cases; however, intramedullary reaming may also contribute to shoulder dysfunction. 10 Repeated insertion of the reamers increases the potential for associated rotator cuff injury. 19 Reamer debris can accumulate under the rotator cuff and increase the risk of postoperative shoulder pain and disability. Shoulder dysfunction related to the surgical trauma at the insertion site of a humeral IMN has been reported in up to 100% of cases and remains a common complaint postoperatively. 20 Humeral MIPO has instead been shown to consistently deliver a high rate of excellent functional recovery of both the shoulder and elbow with very few nonunions. Our average time to radiographic union was 14 weeks, consistent with previous studies. 17, 18, 21 The single nonunion observed in our series later underwent successful revision to formal ORIF and bone grafting. When the hardware was removed, it was discovered that several of the screw heads used were inadvertently too small and did not engage the plate, and this technical error almost certainly contributed to the failure to unite.
No instances of iatrogenic radial nerve palsy were encountered in the MIPO group in this study. The anterior approach to the humerus used for MIPO represents one of the greatest benefits of this technique, substantially limiting the possibility of this complication. Reviewing the published humeral MIPO literature, Ji et al 22 have reported only 1 case of radial nerve injury in their series with an incidence of 4%. Although Ziran et al 21 reported 3 radial nerve palsies, spontaneous recovery was achieved in all cases. These isolated cases are perhaps most likely the consequence of retraction while attaining the distal exposure. Shetty et al 23 noted 2 neuropraxia of the lateral antebrachial cutaneous nerve in their humeral MIPO case series, this nerve being more susceptible to injury when using an anterior approach. Both cases were attributed to excessive traction applied through the small distal incision used while attempting to limit disturbance of the fracture site. Sensory dysfunction over the lateral forearm, in the distribution of the lateral antebrachial cutaneous nerve, reportedly resolved within 3 months in both cases.
Both IMN and MIPO eliminate the extensive posterior surgical approach often used during ORIF, which requires direct identification and manipulation of the radial nerve. 23 However, when using a distal locking screw with IMNs, the radial nerve and the lateral antebrachial cutaneous nerves are again at the risk of injury. 24, 25 The 20% incidence of radial nerve palsy in our series of IMN patients confirms its vulnerability during this procedure. An open approach, as used here, when inserting the distal locking screws can limit, but not eliminate, this possibility. 25 Perhaps as a result of the minimally invasive technique, the majority of the existing studies using humeral MIPO have not observed any infections, 12, 17, 20, 26 and none were identified in our series. Several other studies have described infection rates between 5% and 7%, 4,27 whereas Livani et al 11 reported a rate of 17%. The 7% rate of infection attributed to IMN in our study remains consistent with the generally low rate of infections noted in previously published IMN studies. This again almost certainly can be attributed to the minimally invasive approach used to insert an IMN. A number of previous studies have observed no cases of infection, 10, 28, 29 while one comparison between conventional open plating and IMN noted an infection rate of 20.8% in the ORIF group compared to 4.5% in the IMN group. 30 These results suggest that both IMN and humeral MIPO carry only a minor risk of infection.
The most significant limitation of this study is the relatively small sample size. By pooling the major complications, a highly significant difference between the 2 groups was demonstrated. However, when each of these complications was considered independently, the sample size was too small to achieve significance. Further research with a larger cohort would be required to analyze each of these complications separately.
When necessary, the choice of the most appropriate surgical option for humeral shaft fractures has been controversial. Although IMN and MIPO both offer reliable alternatives to conventional plating, our study demonstrates the significant diminution in the risk of major complications that can be obtained using MIPO. Both techniques share an advantage over conventional plate osteosynthesis in that neither requires the extensive soft tissue dissection and periosteal stripping which is implicit in conventional plating. Although these methods share several common benefits, the growing interest in humeral MIPO can be attributed to its extremely high union rates while limiting the risk of iatrogenic radial nerve injury and other complications. The morbidity related to the surgical trauma inflicted during nail insertion has also been implicated in the greater incidence of shoulder dysfunction observed after IMN. 7, 10, 19 Humeral MIPO seems to reduce the potential for infection and other major complications as a result of the minimally invasive anterior approach.
The results of this preliminary comparative study indicate that, when compared with IMN, MIPO has a lower rate of these 3 major complications combined. However, when each of these complications was considered independently, the sample size was too small to achieve significance, and this study was underpowered to consider assessing these complications individually. Although humeral MIPO demonstrated less risk of these 3 major complications combined, no statistical difference was demonstrated between individual complications. In our opinion, this technique provides a safe and effective treatment alternative for those humeral shaft fractures that fail nonoperative management or that otherwise require operative stabilization.
